BEHAVIOR

A Phylogenetic Analysis of Nesting Behavior in the Genus Osmia
(Hymenoptera: Megachilidae)

JORDI BOSCH,"' YASUO MAETA,? axp RICHARD RUST?

Ann. Entomol. Soc. Am. 94(4): 617-627 (2001)

ABSTRACT Cladistic analysis is used to study the evolution of 29 biological characters related to
nesting behavior, nest provisioning, oviposition, cocoon spinning, defecation, and life cycle (nest
characters) in 11 species of Osmia bees (Hymenoptera: Megachilidae) and two outgroup genera. A
molecular phylogeny based on 38 allozyme loci-as-characters and a combined character phylogeny
are produced to compare with the nest character phylogeny. All phylogenetic trees support the
monophyly of the genus Osmia and the subgenus Osmia (Osmia) with Osmia ribifloris Cockerell
basal to the other species in this subgenus. The subgenus Helicosmia (=Chalcosmia) is resolved as
a sister clade to O. (Osmia) in the molecular tree and as sister to the subgenus Cephalosmia in the
nest character and combined trees. Incomplete biological information from additional species of all
three subgenera is provided to support the consistency of nest characters at the subgeneric level and
their use in the establishment of subgeneric phylogenies in the family Megachilidae.
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THE IDEA THAT behavior evolves in essentially the same
fashion as morphology justifies the use of behavioral
characters both on their own and combined with mor-
phological or molecular characters in the inference of
phylogenies (Wenzel 1992, de Queiroz and Wim-
berger 1993, Proctor 1996). This possibility has long
been recognized by ethologists (Whitman 1899, Hein-
roth 1911, Tinbergen 1959), but phylogenetic studies
using behavioral characters are still scarce (Wenzel
1992, de Queiroz and Wimberger 1993, Proctor 1996).
It has been argued that behavioral characters are dif-
ficult to homologize and are more evolutionarily labile
(subject to convergence and reversal) than morpho-
logical characters (Atz 1970, Baroni Urbani 1989), but
some studies have shown similar levels of homoplasy
between behavioral and morphological or molecular
data sets (McLennan et al. 1988, Arntzen and Spar-
reboom 1989, Coddington 1990, Prum 1990, de Quei-
roz and Wimberger 1993, Proctor 1996). The limited
use of behavioral characters in phylogenetic studies
may be attributed to the difficulty of collecting be-
havioral data, a task that often requires large amounts
of observation time. Sometimes, behavioral data can
be obtained through the study of structures that are
the result of particular behaviors. In nesting Aculeate
Hymenoptera (ants, bees, wasps), a considerable
amount of behavioral (nest building, provisioning, ovi-
position, cocoon spinning) as well as physiological
(life cycle, defecation) information can be obtained
through nest analysis. Thus, behavioral characters, of-
ten related to nesting activities and nest architecture,
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have been used in aculeate Hymenoptera phyloge-
netic studies, mostly in combination with larger num-
bers of morphological characters (Carpenter 1982,
1987, 1988; Carpenter and Cumming 1985; McGinley
and Rozen 1987; Baroni Urbani 1989, 1993; Alexander
1990, 1991; Rozen 1991, Wenzel 1993). Other Aculeate
studies have traced the evolution of behavioral traits
on phylogenies obtained from morphological or mo-
lecular characters (Packer 1991, Carpenter et al. 1993,
Chavarria and Carpenter 1994, Engel and Schultz
1997).

Bee (Apoidea) nesting behavior may be classified as
burrowing (carpenters or miners) and nonburrowing,
according to whether species do or do not excavate
their own nests (Malyshev 1935, Stephen et al. 1969,
O’'Toole and Raw 1991). Among the latter, some spe-
cies use preestablished cavities, and others build their
cells in more or less exposed situations. The primitive
condition in the family Megachilidae is to nest in
burrows, excavated in either soil (Fideliinae - Rozen
1970, 1973, 1977; McGinley and Rozen 1987; - Trachusa
Malyshev 1935, Michener 1941, Westrich 1989) or
wood (Lithurgini - Malyshev 1935, Cros 1939, Brach
1978). However, three or more types of nests (includ-
ing nests in wood cavities, in snail shells, in cracks in
rocks, burrows in the ground, burrows in stems, and
exposed nests) are found in several derived genera
(Anthidium, Osmia, Hoplitis, Megachile subgenera
Litomegachile and Delomegachile) (Malyshev 1935,
Stephen et al. 1969, Eickwort et al. 1981, Westrich
1989). The absence of secreted substances in nest
construction and the frequent incorporation of exter-
nal materials, in cavity-nesters as well as burrowing
species, is characteristic of the Megachilidae (Stephen
et al. 1969). The use of certain nesting materials has
appeared several times independently throughout the
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evolution of the family. Soil use is found in species of
Osmia, Hoplitis, Chelostoma, Megachile subgenera Eu-
megachile and Chalicodoma, resin in species of Heri-
ades, Chalicodoma, Anthidium, Trachusa, and Hoplitis,
and masticated leaf in species of Osmia, Ashmeadiella,
Hoplitis, and Anthidium (Malyshev 1935, Krombein
1967, Stephen et al. 1969, Rust 1980, Westrich 1989,
Bosch et al. 1993). Pollen specialization is another
plastic character. Most Megachilidae are polylectic,
but oligolecty appears to be frequent in the primitive
Fideliinae and Lithurgini (Rozen 1970, 1977; Brach
1978; Roberts 1978; Parker and Potter 1973; Yaiiez
1997) and is common in Trachusa, Anthidium, Che-
lostoma, Heriades, Osmia, and Hoplitis (Rust 1974,
Westrich 1989, Cane 1996, Miiller 1996). Despite this
apparently high degree of homoplasy, Torchio (1989)
showed that biological characters could be used to
characterize Osmia subgenera.

In this work, we used a cladistic analysis to study the
evolution of 29 characters related to nest construction,
nest provisioning, oviposition, life cycle, defecation,
and cocoon spinning (nest characters) in 11 species of
Osmia, representing three different subgenera. Two
outgroup species, Hoplitis adunca (Panzer) and
Megachile (Chalicodoma) angelarum (Cockerell), are
included in the analyses. We provide a molecular
phylogeny based on 38 allozyme loci-as-characters
that we compare with the behavioral phylogeny and
the combined phylogeny of the 13 species. The two
objectives of this article are as follows: (1) discuss the
usefulness of nest characters in the establishment of
phylogenetic hypotheses in the Megachilidae and (2)
discuss the evolution of nesting behavior and related
biological features among the three Osmia subgenera
considered and in relation to the rest of the Megachi-

lidae.

Materials and Methods

Species Studied. The genus Osmia contains ~500
species found in the Holarctic (Rust 1974). All Osmia
are solitary, and many nest in preestablished cavities.
Nest-traps (Krombein 1967) consisting of cavities of
different diameters drilled in wooden blocks were
placed in different locations in the United States, Ja-
pan, France, and Spain (Table 1). Bee nests obtained
in the cavities were taken to the laboratory, where
they were dissected. We collected data on nest archi-
tecture, nesting materials, provision structure and ovi-
position, cocoon structure, shape and position of fecal
particles, and progeny developmental stages. Progeny
were reared to the adult stage and frozen for molec-
ular analyses. We obtained nests and adult bees for 11
species of Osmia in three different subgenera [ Osmia,
Helicosmia (=Chalcosmia), and Cephalosmia] (Table
1). The subgenus Chalcosmia has been recently ho-
mologized with the subgenus Helicosmia (Griswold
and Michener 1997, Michener 2000). Megachile ange-
larum and Hoplitis adunca were used as outgroup
species. Outgroup status was established according to
Roig-Alsina and Michener (1993). Based on adult
morphology, the Megachilidae are considered a
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Table 1. Bee species, locations and number of specimens used
in the molecular analysis

No. of
. . specimens
Species Location (females,
males)
Osmia (Osmia)
cornifrons Matsue, Japan 10, 10
(Radoszkowski)
cornuta Latreille Girona, Spain 55
Avignon, France 15,5
lignaria Say Reno, Nevada, USA 45, 45
ribifloris Cockerell Reno, Nevada, USA 10, 15
rufa (L.) Girona, Spain 27,15
Avignon, France 21, 15
taurus Smith Matsue, Japan 10, 10
tricornis Latreille Girona, Spain 15, 10
Osmia (Helicosmia)
Jfulviventris Panzer Girona, Spain 10, 10
Avignon, France 5,4
latreillei Spinola Girona, Spain 10, 10
Avignon, France -5
Osmia (Cephalosmia)
californica Cresson Logan, Utah, USA 15, 15
montana Cresson Logan, Utah, USA 15, 10
Megachile
angelarum Lake City, California, USA 15,5
(Cockerell)
Hoplitis
adunca (Panzer) Valladolid, Spain 10, 5

monophyletic group divided into two subfamilies, the
Fideliinae and the Megachilinae, with the latter con-
taining four tribes, the Lithurgini (basal), Anthidiini,
Megachilini, and Osmiini. Although the status of the
last three tribes remains unresolved when larval char-
acters are used, adult characters place Osmia and
Hoplitis within Osmiini, and Megachilini as the sister
tribe to Osmiini (Roig-Alsina and Michener 1993).
Some authors consider Hoplitis as a subgenus within
Osmia (Westrich 1989).

Molecular Characters. Adult females were homog-
enized in 0.03 ml of cold extraction buffer (Tris HCI
0.05 M, pH 7.0; May 1992). After 20 min of cold in-
cubation and low-speed centrifugation, the superna-
tant was pipetted into 1.5-ml Eppendorf tubes and
stored at —80°C until used for electrophoresis, which
occurred within 3-4 wk after preparation. Superna-
tant was applied to 14% horizontal starch gels (50%
Counaught and 50% Sigma, St. Louis, MO) using filter-
paper wicks (Whatman #3, Whatman, Hillsboro, OR),
and gels ran for ~5 h. We used the methods and
staining procedures described by May (1992). Osmia
lignaria allele frequencies (R.R., unpublished data)
and individuals were used as a standard (five individ-
uals per gel) for loci and alleles determination in all
gels. Thirty-eight loci in 26 enzymes system (Table 2)
were scored as loci-as-characters using the approach
of Mardulyn and Pasteels (1994). The three rules de-
veloped by Mardulyn and Pasteels (1994) were used
to reconstruct the most-parsimonious trees for each
locus. Allele gains and losses were treated equal in the
reconstruction of steps from ancestral nodes to the
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Table 2. Loci and electrophoretic conditions used to assay bee
species
Locus Enzyme EC No.  Buffer”

AK-12 Adenylate kinase 2.74.3 C

CK-1,2 Creatine kinase 2732  TC-1

DIA-1 Diaphorase (NADH) 1814 R

EST-1 Esterase — Tris/HCI

ESTF-1,2 Fluorescent esterase — Tris/HCI

FBP-1 Fructose-bisphosphatase 31311 R

GAM.-1 Galactosaminidase — 4

GAPDH-1 Glyceraldehyde-3-phosphate  1.2.1.12 4
dehydrogenase

GDA-1 Guanine deaminase 3.5.4.3 4

GK-1 Glucokinase 2.7.1.2 R

GP-1,2 General protein — R

GPI-1.2 Glucosephosphate isomerase  5.3.1.9 C

GR-1 Glutathione reductase 1.6.42 R

G3P-1 Glycerol-3-phosphate 1118 4
dehydrogenase

G6PDH-1 Glucose-6-phosphate 11149 TC-1
dehydrogenase

HA-1 Hexosaminidase 32152 R

HBDH-1 Hydroxybutyric 1.1.1.30 TC-1
dehydrogenase

IDH-1 Isocitrate dehydrogenase 11142 4

MDH-1 Malate dehydrogenase 11137 C

ME-1 Malic enzyme 1.1.1.40 R

MPI-1 Mannosephosphate 5.3.1.8 C
isomerase

ODH-1 Octanol dehydrogenase 11173 C

PEP-1,2,34,5 Peptidase 34— R

PGD-1 Phosphogluconate 11143 C
dehydrogenase

PGM-1,2,3 Phosphoglucomutase 5422 4

SOD-1,2 Superoxide dismutase 1.151.1  Tris/HCI

“From May 1992.

taxa to produce the shortest possible tree for each
locus.

Nest Characters. All species studied are cavity nest-
ers, and five of the characters identified (characters
8-12, Table 3) may not be easily applicable to other
nesting types. Cavity-nesting Megachilidae tend to
build linear series of cells separated by cell partitions
with a closing plug at the cavity entrance. Each cell is
provisioned with a mass of pollen and nectar and, in
most cases; one egg only per cell is deposited. Our nest
and cell terminology followed Krombein (1967). Our
observations were supplemented with published data
(Rust 1974, 1986; Maeta 1978; Torchio 1989; Bosch et
al. 1993; Vicens et al. 1993) to identify 29 nest char-
acters for each species. Because character states did
not always coincide in the two outgroup species, char-
acter polarity was based on the Lithurgini. The
Lithurgini are unequivocally ancestral within the
Megachilinae (Peters 1972, Michener 1983, Roig-
Alsina and Michener 1993), and represent a biologi-
cally consistent group (Malyshev 1935; Cros 1939;
Houston 1971; Rozen 1973; Brach 1978; Parker and
Potter 1973; Roberts 1978; Garéfalo et al. 1981, 1992;
Camillo et al. 1983, 1994; Yafiez 1997). To assess the
subgeneric consistency of the nest characters, infor-
mation was gathered for 17 additional species, three
Cephalosmia, 10 Helicosmia, and four O. (Osmia)
(Malyshev 1935; Hartman 1944; Grandi 1964; Taséi
1972, 1976; Hawkins 1975; Raw 1974; Rust 1974; Maeta
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1978; Parker 1980, 1985; Westrich 1989; Vicens et al.
1993; and unpublished data). These species were not
used in the cladistic analyses because none of the
molecular characters and only some of the nest char-
acters could be scored, but they provided supporting
evidence to our results.

Combined Characters. The informative loci-as-
characters and nest characters were used together in
a combined analysis.

Parsimony Analysis. Character sets were un-
weighted and unordered. Molecular, nest character,
and combined data sets were analyzed with PAUP 3.01
using heuristic search and TBR branch swapping
(Swofford 1993). Bootstrap analyses using 100 itera-
tions were used to obtain confidence limits on indi-
vidual clades. Trees were rooted according to Roig-
Alsina and Michener’s (1993) phylogeny.

Results

Molecular Character Phylogeny. Parsimony analy-
sis of 31 informative loci (Appendix 1) produced six
trees (length = 123; consistency index [CI] = 0.699;
retention index [RI] = 0.619). The strict consensus
tree supports the monophyly of Osmia and the sub-
genera Cephalosmia, Helicosmia, and Osmia, with the
two latter as sister clades and Osmia ribifloris as the
basal species in the O. (Osmia) clade (Fig. 1). The
bootstrap trees (mean length, 129; range, 77-175; CI =
0.597; RI = 0.469) supported the genus Osmia (82%)
and the subgenera Osmia (65%), Cephalosmia (99%),
and Helicosmia (70%). The genus Osmia was sup-
ported by changes at five loci (EST1, ESTF1, GPI1,
ME]1, PEP5). The subgenus Osmia was supported by
loci GK1, MPI1, PEP2, SOD2, the subgenus Cephalos-
mia by loci DIA1, FBP1, GK1, G6PDHI1, HBDHI,
PEP2, and the subgenus Helicosmia by loci GP1, PEP4.

Nest Character Phylogeny. Parsimony analysis of 21
informative nest characters (Appendix 2 and 3) pro-
duced three trees (length, 41; CI = 0.805; RI = 0.873).
The strict consensus tree resolved the genus Osmia
and the subgenus Osmia. Osmia ribifloris (Cockerell)
is again basal to the other O. (Osmia) species, of which
only O. rufa (L.) and O. taurus Smith are resolved as
sister species. The two Cephalosmia species form a
trichotomy with the two Helicosmia, which are
grouped together (Fig. 2). Bootstrap trees (mean
length, 43; range, 34-92; CI = 0.837; RI = 0.887)
support the genus Osmia (71%), the subgenus Osmia
(70%), the pairing of the two Helicosmia (91%) and
the Helicosmia-Cephalosmia clade (94%). Bootstrap
trees also support the basal position of O. ribifloris
(80%) in the O. (Osmia) clade and the O. rufa-O.
taurus pairing (84%) (Fig. 2). The genus Osmia was
supported by wintering in the adult stage (3-1), the
cell walls not lined (9-0), cocoon nipple present and
raised (26-2), and the presence of a thick middle layer
in the cocoon (28-1). The subgenus Osmia was sup-
ported by adult activity in the spring (1-1), the cocoon
attached only to the posterior cell partition (25-0), and
cocoon with a silky outer layer (29-1). The Cephalos-
mia-Helicosmia clade was supported by oligolecty (13-
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Table 3.
(Cephalosmia) (n

5 species)
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Nesting character state frequency in Osmia (Osmia) (n = 11 species), Osmia (Helicosmia) (n = 12 species), and Osmia

Character states

Character O. (Osmia): 11 spp. O. (Helicosmia): 12 spp. O. (Cephalosmia): 5 spp.

0 0-1 1 2 3 7 0 0-1 1 2 3 ? 0 0-1 1 2 2-3 3 ?
Activity (1) 1 7 2 3 5
Voltinism (2) 11 3 5 1 3 3 2
Wintering (3) 10 1 5 3 4 3001 1
Proterandy (4) 10 1 9 1 2 3 2
Nest Site (5) 10 1 noo1 4 1
Nest materials (6) 10 1 9 3 3 2
Main material (7) 8§ 2 1 11 1 2 3
Partitions (8) 9 1 9 3 4
Cell walls (9) 9 1 9 3 4
Plug materials (10) 9 1 9 3 4
Plug position (11) 8 1 1 1 7 4 3 1
Vestibule (12) 9 11 8 3 3 1
Foraging (13) 1 10 8 3 1 5
Provision texture (14) 2 7 2 4 4 4 2 3
Provision shape (15) 10 1 4 3 5 4 1
Egg placement (16) 10 1 4 4 4 5
Egg laying (17) 10 1 8 4 3 2
Number eggs (18) 10 1 9 3 5
Fecal placement (19) 9 2 9 3 5
Fecal consistency (20) 9 2 9 3 4 1
Fecal cross-section (21) [ 1 4 1 2 6 3 5
Fecal shape (22) 1 6 4 3 4 2 3 1 1 3
Fecal surface (23) 1 6 4 6 2 1 3 5
Fecal color (24) 1 6 4 9 3 5
Cocoon attach (25) 9 2 9 3 4 1
Cocoon nipple (26) 10 1 1 8 3 5
Cocoon cap (27) 9 1 1 9 3 5
Cocoon middle (28) 8 3 9 3 5
Cocoon outer (29) 10 1 9 3 5

Numbers indicate the number of species within a subgenus sharing a particular state. O. (Osmia) species: O. cerinthidis Morawitz, O.
cornifrons, O. cornuta, O. excavata Alfken, O. lignaria, O. mustelina (=emarginata), O. pedicornis Cockerell, O. ribifloris, O. rufa, O. taurus, O.
tricornis. O. (Helicosmia) species: O. caerulescens L., O. chalybea Smith, O. coloradensis Cresson, O. dimidiata Morawitz, O. jacoti (=imaii
Hirashima), O. fulviventris, O. georgica Cresson, O. latreillei, O. leaiana Kirby, O. melanogaster Spinola, O. orientalis, O. texana Cresson. O.
(Cephalosmia) species: O. californica, O. grinnelli Cresson, O. marginipennis Cresson, O. montana, O. subaustralis Cockerell. Characters §-12
were not scored for non-cavity-nesters, O. (Osmia) cerinthidis and O. (Cephalosmia) marginipennis.

0), the pollen provisions reworked after the last pollen
load, with a wet core and a dry outer layer (14-3), and
the provisions filling the whole cell (15-0), the fecal
particles smeared (20-1) and cocoon nipple hidden by
a silky cap (27-1). The only character unique to the
two Cephalosmia species is oviposition in an egg cavity
(16-0). Helicosmia is supported by the fecal pellets
with truncated tips (22-0). Supporting evidence from
other species in the three subgenera is provided in
Table 3. For many of the characters, where informa-
tion is known, character states are relatively consistent
within each subgenus but differ between subgenera.

Combined Data Phylogeny. Parsimony analysis of
the combined data sets produced six trees (length, 156;
CI = 0.692; RI = 0.692). The strict consensus tree
supports the genus Osmia and the three subgenera
(Fig. 3). Within the O. (Osmia) clade Osmia ribifloris
is basal to O. cornifrons (Radoszkowski) and to the
other unresolved O. (Osmia) species. The bootstrap
trees (mean length, 167; CI = 0.665; RI = 0.650)
support the genus Osmia (67%) and the subgenera
Osmia (95%), Helicosmia (84%), and Cephalosmia
(100%). Bootstrap trees also support the clade Heli-
cosmia-Cephalosmia (57%) and the basal position of
O. ribifloris (87%) and O. cornifrons (51%) within O.

(Osmia) (Fig. 3). Both molecular and nest character
state changes that support the various species and
clades are shown in Fig. 3.

Discussion

Both our molecular and nest phylogenetic trees
support the monophyly of the genus Osmia and the
subgenus O. (Osmia) and place the two Helicosmia as
sister species. They also coincide in placing O. ribi-
floris basal to the other O. (Osmia). The main differ-
ence between the two trees is the placement of He-
licosmia, sister to O. (Osmia) in the molecular tree and
sister to Cephalosmia in the nest character tree. Heli-
cosmia and Cephalosmia are indeed very similar bio-
logically and, as a result, biological features outweigh
molecular characters in the combined analysis, where
these two subgenera are resolved as sister clades. The
only other cladistic analysis of Osmia is found in Peters
(1978). He used morphological characters to analyze
16 western Palearctic species in the subgenera Orient-
osmia, Monosmia, and Osmia (including O. rufa, O.
cornuta Latreille, and O. tricornis Latreille from this
study). His analysis resolved the three subgenera, and
placed the three mentioned species in one of two
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Strict Loci Characters
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Fig.1. Strict consensus of the six most parsimonious trees
of 123 steps derived from heuristic analysis (unweighted,
unordered) of 31 informative loci-as-characters. Megachile
angelarum and Hoplitis adunca were designated outgroup
members. Numbers above branch points are supporting char-
acters, and numbers in parentheses are percentage values for
clades found in bootstrap majority rule trees.

polytomous clades within the subgenus O. (Osmia).
Unfortunately, he did not provide characters or a
character matrix that could be combined with our data
for these three species.

The genus Osmia shows several derived morpho-
logical traits within the Megachilidae (Roig-Alsina
and Michener 1993) and with Hoplitis was placed in
the tribe Osmiini (Michener 1941a, Sinha 1958, Roig-
Alsina and Michener 1993). The nest characters used
in our study also suggest a derived phylogenetic status
for Osmia. Overwintering as larvae (prepupae) is the
primitive condition in the Megachilidae (Fideliinae -
Rozen 1970, McGinley and Rozen 1987; Lithurgini -
Cros 1939, Parker and Potter 1973, Roberts 1978, Ca-
millo et al. 1983, Garéfalo et al. 1981, 1992). The larval
stage is the most common overwintering state in other
megachilid genera (Trachusa, Anthidium, Megachile)
(Michener 1941b, MacSwain 1946, Krombein 1967,
Parker 1987, Westrich 1989, Bosch et al. 1993), and
other Osmiini genera (Hoplitis, Heriades, Proteriades,
Anthocopa, Chelostoma) (Krombein 1967; Clement
and Rust 1975, 1976; Rust 1980; Parker 1977, 1978, 1988:
Westrich 1989). Conversely, most Osmia overwinter
as adults, or facultatively as adults and prepupae (Fye
1965; Medler 1967; Krombein 1967; Rust and Clement
1972; Rust et al. 1974; Frohlich 1983; Cripps and Rust
1985; Parker 1984, 1986; Torchio 1989; Westrich 1989;
Vicens et al. 1993; this study). Probably in relation to

BoscH ET AL.: NESTING PHYLOGENY IN Osmia

621

Strict Nest Characters
. angelarum
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Fig. 2. Strict consensus tree of the three most parsimo-
nious trees of 41 steps derived from heuristic analysis (un-
weighted, unordered) of 21 informative nest characters.
Megachile angelarum and Hoplitis adunca were designated
outgroup members. Numbers above branch points are sup-
porting characters, and numbers in parentheses are percent-
age values for clades found in bootstrap majority rule trees.

their wintering in the adult stage, most Osmia species
fly early in the year compared with other Megachili-
dae. Up to 85% of 20 Osmia species but only 15.3% of
72 non-Osmia megachilids from southeastern Ger-
many start flying in May or earlier (Westrich 1989).

The genus Osmia is also characterized by building
unlined cells, delimited by simple cell partitions com-
posed of only one material in most cases. The absence
of cell lining to isolate immature stages from the nest-
ing substrate is compensated for with the spinning of
a thick, multilayered cocoon with a thick brownish
layer made of salivary matrix (Torchio 1989) and a
strong apical nipple. This cocoon structure contrasts
with that of many megachilid genera, including the
ancestral Lithurgini (Brach 1978, Parker and Potter
1973, Roberts 1978) and many other Osmiini (Ash-
meadiella, Heriades, Hoplitis, Chelostoma) (Krombein
1967; Clement and Rust 1975, 1976; Rust 1980;
Westrich 1989; Parker 1988; Bosch et al. 1993), which
spin thin, translucent cocoons with absent or weak
nipples.

Within the genus Osmia, nest characters indicate a
more derived status for O. (Osmia) than for Cephal-
osmia or Helicosmia. The latter two subgenera are
intermediate between O. (Osmia) and other Megachi-
lidae in wintering stage and activity period. All O.
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Strict Combined Characters

M. angelarum
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Fig.3. Strict consensus of the six most parsimonious trees
of 156 steps derived from heuristic analysis (unweighted,
unordered) of the combined 31 informative loci-as-charac-
ters and 21 informative nest characters. Megachile angelarum
and Hoplitis adunca were designated outgroup members.
Numbers above branch points are supporting characters
(nest characters in italics), and numbers in parentheses are
percentage values for clades found in bootstrap majority rule
trees.

(Osmia) overwinter strictly as adults, whereas most
Cephalosmia and Helicosmia species overwinter fac-
ultatively as prepupae and adults (Table 3). O. (Os-
mia) species tend to fly earlier than Cephalosmia or
Helicosmia (Table 3), and this tendency is apparent
within geographical regions as diverse as the Great
Basin area of the United States, Japan, southeastern
Germany, and northeastern Spain (Rust 1974, Maeta
1978, Westrich 1989, Vicens et al. 1993; and unpub-
lished data). Cocoon structure is also more derived in
O. (Osmia) than in Cephalosmia and Helicosmia. Co-
coons of these two subgenera are composed of an
outer thin and fragile translucent layer, a thick middle
and consistent brownish layer, and an inner thin layer
composed of densely woven silk strands. This last layer
is often incomplete, not reaching the basal tip of the
cocoon. In O. (Osmia) cocoons have an additional
outer layer of loose silk strand meshwork, and the
inner layer is, in most cases, complete. Like in other
cavity-nesting Osmiini (Hoplitis, Ashmeadiella, Heri-
ades, and Chelostoma) (Krombein 1967, Clement and
Rust 1976, Westrich 1989, Bosch et al. 1993) and
Megachilidae (Lithurgus, Megachile, subgenera Eu-
megachile, Chalicodoma) (Cros 1939; Michener 1953;
Krombein 1967; Houston 1971; Brach 1978; Garéfalo et
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al. 1981, 1992; Frohlich and Parker 1983; Kim 1992;
Bosch et al. 1993; this study) the cocoon is in contact
with both the posterior and anterior partitions of the
cell in Cephalosmia and Helicosmia, whereas it is only
attached to the posterior partition in O. (Osmia).

Cephalosmia and Helicosmia show striking biologi-
cal similarities in their life histories, nesting behavior,
pollen specialization, and cocoon and fecal pellet
structure. Helicosmia, however, is more polymorphic
(Table 3) and includes some species, primarily O.
caerulescens (L.), O. orientalis Benoist, and O. jacoti
Cockerell, that are similar to O. (Osmia), or interme-
diate between O. (Osmia) and Cephalosmia, in activity
period, voltinism, wintering stage, pollen specializa-
tion, provision structure, egg placement, and fecal
pellet structure. Osmia caerulescens, O. orientalis, and
O. jacoti are morphologically distinct from other
Helicosmia (Rust 1974, Tkalcu 1975). They lack the
development of the apical margin of the clypeus and
the projections at the base of the mandibles typical of
other female Helicosmia (Yasumatsu and Hirashima
1950, Rust 1974, Tkalcu 1975) . Osmia orientalis females
lack a diagnostic subgeneric character and are only
placed in Helicosmia based on the male’s subgeneric
characters (Yasumatsu and Hirashima 1950). Nest
character 16 (egg placement) could be ordered as-
suming that egg laying in a depression on the surface
of the provision (some Helicosmia) is an intermediate
state between egg laying in a chamber (Cephalosmia)
and egg laying on the surface of the provision [O.
(Osmia) and some Helicosmia]. However, our two
phylogenetic hypotheses [ Helicosmia sister to O. (Os-
mia) and Helicosmia sister to Cephalosmia] would be
equally parsimonious to this change.

Both the molecular and the nest character analyses
support the basal position of O. ribifloris within the O.
(Osmia) clade, indicating a transition from leaf to mud
use in O. (Osmia). Biologically, O. ribifloris is unmis-
takably similar to the other O. (Osmia) in all charac-
ters except in use of leaf material, nest plug position
and fecal particle color. These three characters are
shared with Cephalosmia and Helicosmia. Osmia ribi-
floris is also the only O. (Osmia) in which the inner
layer of the cocoon was incomplete in most of the
specimens we examined as in all Cephalosmia and
Helicosmia. Morphologically, female O. ribifloris differ
from other female O. (Osmia) species in lacking the
tubercle modifications of the clypeus. However, both
males and females show all other unique subgeneric
characters (Rust 1974). Torchio (1989) provided de-
tailed behavioral descriptions of the use of clypeal
modifications to smooth the surface of cell partitions
in the mud user O. lignaria. The only other species in
the subgenus using leaf material for cell construction
is O. mustelina Gerstaecker (=emarginata Lepeletier)
(Grandi 1964), which also lacks clypeal tubercles and
is morphologically very similar to O. ribifloris (Rust
1974). Masticated leaf is the most commonly used
nesting material among Osmia in other subgenera
(Krombein 1967, Maeta 1978, Parker and Tepedino
1982, Frohlich 1983, Westrich 1989), including Cepha-
losmia and Helicosmia (Table 3) as well as several
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subgenera considered morphologically primitive (Di-
ceratosmia, Nothosmia, Chenosmia, Euthosmia) (Sinha
1958). It has been suggested that O. ribifloris could be
placed (with O. mustelina, O. nigrohirta Friese, and
other species) in the subgenus Aceratosmia based, in
part, on the four-segmented rather than five-seg-
mented maxillary palpi (Griswold and Michener 1997,
Michener 2000). However, close examination of male
and female O. ribifloris, O. mustelina and O. nigrohirta
has revealed the presence of a fifth, although small,
apical segment in the maxillary palpi.

Several studies have shown similar levels of ho-
moplasy in behavioral and morphological character
analyses (de Queiroz and Wimberger 1993, Proctor
1996). Many of the nest characters proposed in this
study are relatively consistent at the generic or sub-
generic levels (Table 3), indicating that they should
prove useful in the establishment of generic and sub-
generic phylogenies in the Megachilidae. At the spe-
cific level, however, several species have identical nest
character scores, and as a consequence these charac-
ters were less useful to resolve the relative position of
species within a subgenus. Thus, our behavioral tree
only establishes the basal position of O. ribifloris and
the pairing of O. rufa and O. taurus within the O.
(Osmia) clade. More detailed behavioral observations
might provide interspecific differences and resolve
some of the polytomies obtained. For instance, al-
though the cocoon nipple is structurally similar across
several O. (Osmia), the timing and the methods used
by the larva for its construction differ among species
(Torchio 1989). Similarly, the sequence of activities in
the construction of an egg chamber is different be-
tween O. montana Cresson and O. californica Cresson
(Torchio 1989).

The occurrence of species like O. ribifloris, O. mus-
telina, O. caerulescens, O. orientalis, and O. jacoti,
which differ from other species in their respective
subgenera for both morphological and biological char-
acters, validates the use of biological/behavioral char-
acters in the establishment of phylogenies. Future
studies should include some of these species, as well
as other Osmia subgenera, especially Diceratosmia and
the North American endemic Acanthosmioides (Rust
etal. 1974), both with distinctive subgeneric morphol-
ogies (White 1952, Sinha 1958).
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Appendix 1. Loci character matrix (corresponding loci presented at bottom)

Taxa/Character 1 2 3 456 7 89 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38
M angelarum 1022433224 3 3 401 2 32 4030422 2331211233°¢020
H. adunca 003113330313 402230304042 21321121024110
O.fulviventris 201111112312 4202 213020110141 10222211T1F0
O. latreillei 201120102310 4 2022120101100 41112222¢011°20
O. lignaria 2111000220 0 01 000O0O011000O01O0220000O0111010°1
O. ribifloris 2011111222 132001112¢01¢0031¢0211°%0212131°01:1
O. cornuta 2111201222 121 0011110201102 510110001°01]71
O. rufa 2111201122 100001 111002110201 2112%2¢01°0171
O. tricornis 2111211222 123 0012124040200 24101102110171
O. cornifrons 2111111222 112%001%21102%0110231¢0110211°0T11
O. taurus 2131201022 121001 2120202102 4101100110171
O. californica 2010211211 1330012 1423123¢0121211202321F0
O. montana 2001211212 133001214 2312¢001312112°%02331°0

1= AKI, 2 = AK2, 3 = CKI, 4 = CK2, 5 = DIAl, 6 = ESTI, 7 = ESTF1, § = ESTF2, 9 = FBPL, 10 = GAML, 11 = GAPDHLI, 12 = GDAL,
13 = GK1, 14 = GP1, 15 = GP2, 16 = G3P1, 17 = GPIL, 18 = GPI, 19 = GRL, 20 = G6PDHL, 21 = HAl, 22 = HBDHI, 23 = IDHI, 24 =
MDH], 25 = MEL, 26 = MPI1, 27 = ODHL, 28 = PEPI, 29 = PEP2, 30 = PEP3, 31 = PEP4, 32 = PEP5, 33 = PGDL, 34 = PGML, 35 = PGM2,
36 = PGM3, 37 = SODI, 38 = SOD2.

Appendix 2. Nest characters and states

ADULT ACTIVITY. 0: Late spring-summer; 1: Spring

VOLTINISM. 0: Univoltine; 1: Parsivoltine; 2: Bivoltine

OVERWINTERING STAGE. 0: Larva; 1: Adult; 2: Pupa

PROTERANDRY. 0: Yes; 1: No

NESTING SITE. 0: Burrows; 1: Cavities; 2: Snail shells; 3: Exposed nests

NUMBER OF NEST MATERIALS. 0: One; 1: Two

MAIN NEST MATERIAL. 0: Wood chips or fibers; 1: Resin; 2: Mud; 3: Masticated plant tissues

CELL PARTITIONS. 0: Single; 1: Double

CELL WALLS. 0: Not lined; 1: Lined

10. NEST PLUG MATERIAL. 0: Same as cell partition; 1: Additional materials

11. NEST PLUG POSITION. 0: Cavity orifice; 1: Inside cavity

12. VESTIBULE. 0: Absent; 1: Present

13.  POLLEN SPECIALIZATION. 0: Oligolectic; 1: Polylectic; 2: Monolectic

14.  POLLEN PROVISION—TEXTURE. 0: Dry; 1: Moist, 3: Moist core—dry surface (re-worked provision)

15. POLLEN PROVISION—SHAPE. 0: Cylinder filling most of the cell; 1: Truncated cylinder; 2: Spherical

16. EGG PLACEMENT. 0: In a chamber inside the provision; 1: In a depression on the surface of the provision; 2: On the surface of the
provision

17. TIME OF EGG LAYING. 0: Before provision is completed; 1: After provisioning is completed.

18. NUMBER OF EGGS PER PROVISION. 0: One; 1: More than one

19. FECAL PELLETS—PLACEMENT. 0: Scattered about cell; 1: Localized

20. FECAL PELLETS—CONSISTENCY. 0: Pellets retain shape; 1: Pellets smeared

21. FECAL PELLETS—SHAPE L. 0: Flattened; 1: Cylindrical

22. FECAL PELLETS—SHAPE II. 0: Tips truncated; 1: Tips rounded or pointed

23. FECAL PELLETS—SURFACE. 0: Not grooved; 1: Grooved

24. FECAL PELLETS—COLOR. 0: Same as provision; 1: Different from provision

25. COCOON ATTACHMENT. 0: Both cell partitions; 1: Only posterior partition

26. COCOON NIPPLE. 0: Absent; 1: Present, very flat; 2: Present, raised

27. COCOON CAP AROUND NIPPLE. 0: Absent; 1: Present

28.  COCOON THICK MIDDLE LAYER. 0: Absent; 1: Present

29. COCOON SILKY OUTER LAYER. 0: Absent; 1: Present
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Appendix 3. Nest character matrix. Character states are given in Appendix 2
Characters and states
Species
12 3 456 7 891011 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29
Osmia (Osmia)
O. lignaria 10 1 010 2 00001 1 1 1 2 1 0 0 0 0 1 1 1 0 2 0 1 1
O. ribifloris 10 1. 010 3 000 1 1 1 1 1 2 1 0 0 0 0 1 1 0O 0 2 0 1 1
O. cornuta 10 1. 010 2 00O 01 1 1 1 2 1 0 0 0 0 1 1 1 0 2 0 1 1
O. rufa 10 1. 010 2 000 0 1 1 01 2 1 0 0 0 0%kl O&l 0&l 1 0 2 O 1 1
O. tricornis 10 1 010 2 00O O 1 1 1 1 2 1 0 0 0 O 1 1 1 0 2 0 1 1
O cornifrons 10 1 010 2 00O O 1 1 1 1 2 1 0 0 0 0 1 1 1 0 2 0 1 1
O. taurus 10 1 010 2 00O O 1 1 01 2 1 0 0 0 o0 1 1 1 0 2 0 1 1
Osmia (Cephalosmia)
O. california 01 0&l 01123000 1 1 0 3 0 0 1 0 0 1 1 1 o o 1 2 1 1 0
O. montana 010& 010 3 0001 1 0 3 0 0 1 0 0 1 1 1 o o 1 2 1 1 0
Osmia (Helicosmia)
O. fulviventris 010& 010 3 0001 1 0 3 01 1 0 01 1 0 o o 1 2 1 1 0
O. latreillei 110&1 010 3 0001 1 0 3 01 1 0 0 1 1 0 o o 1 2 1 1 0
Outgroups
M. angelarum o0 0 011 1 011 01 1 1 1 2 1 0 0 0 1 1 o o0 1 1 0 0 O
H. adunca o1 0 010 2 11001 01 2 2 1 0 0 0 0 1 1 o 1 1 0 0 O




